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Protein conformational changes, which regulate the activ-
ity of proteins, are induced by the alternation of intra-
molecular interactions. Therefore, the detection of the
local environmental changes around the key amino acid
residues is essential to understand the activation mecha-
nisms of functional proteins. Here we developed the
methods to scan the local environmental changes using
the vibrational band of cysteine S-H group. We vali-
dated the sensitivity of this method using bathorho-
dopsin, a photoproduct of rhodopsin trapped at liquid
nitrogen temperature, which undergoes little conforma-
tional changes from the dark state as shown by the X-
ray crystallography. The cysteine residues were individ-
ually introduced into 15 positions of Helix III, which
contains several key amino acid residues for the light-
induced conformational changes of rhodopsin. The shifts
of S-H stretching modes of these cysteine residues and
native cysteine residues upon the formation of batho-
rhodopsin were measured by Fourier transform infrared
spectroscopy. While most of cysteine residues demon-
strated no shift of S-H stretching mode, cysteine residues
introduced at positions 117, 118, and 122, which are in
the vicinity of the chromophore, demonstrated the sig-
nificant changes. The current results are consistent with
the crystal structure of bathorhodopsin, implying that
the cysteine scanning is sensitive enough to detect the
tiny conformational changes.
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Protein conformational changes occur in response to
stimuli such as ligand, light, voltage, or interaction with
other proteins. Because the activity of the functional pro-
teins is closely correlated with their conformation, the acti-
vation mechanisms of functional proteins should be under-
stood based on the process of the conformational changes.
Because the tertiary structure of the protein is maintained by
the intramolecular hydrogen bond, salt bridge, hydrophobic
packing etc., perturbation of these intramolecular interac-
tions induces the protein conformational changes. The dis-
placements of atoms upon the conformational changes are
detected by X-ray crystallography or NMR. However, the
structural analyses of the transient state or the specific con-
formation in the equilibrium mixture are difficult in general,
and the steady methods to probe the intramolecular interac-
tion are desired. Here we propose the “cysteine-scanning”
for mapping of the local environmental changes in proteins.
S-H group of Cys, whose stretching mode reflects its
environment, serves as an excellent vibrational probe1–3.
Because the S-H stretching mode is well-separated from
vibrations of the other groups present in protein, changes in
the vibrational mode of Cys can be observed without inter-
ference from other vibrational modes, using Fourier trans-
form infrared (FTIR) spectroscopy. In addition, most of
cysteine-introduced mutants are functionally expressed by
cultured cell lines, because the side chain of Cys is rela-
Corresponding author: Yasushi Imamoto, Department of Biophysics,
Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan.
e-mail: imamoto@rh.biophys.kyoto-u.ac.jp.
BIOPHYSICS Vol. 102
tively small and hydrophobic. The tolerance to mutation is
essential for the comprehensive analysis.
In the present study, we examined whether or not the
environmental changes can be detected by cysteine-scanning
using bathorhodopsin (Batho), a photoproduct of rhodopsin
trapped at liquid nitrogen temperature4. Rhodopsin is a mem-
ber of G-protein coupled receptors, which have common
structural motif composed of seven transmembrane helices5.
Rhodopsin has an 11-cis-retinal chromophore, which is con-
verted to all-trans form upon photon absorption. Because
all-trans-retinal acts as an inherent agonist, photoactivated
rhodopsin is eventually converted to active state (meta-
rhodopsin II). However, at liquid nitrogen temperature, the
conformation just after photoisomerization is arrested. In
fact, the crystal structure of Batho demonstrated that the dis-
placement of atoms are observed only for the chromophore
and the adjacent amino acid residues6. Therefore, Batho is
suitable to validate the sensitivity of cysteine-scanning.
We independently introduced Cys into 15 positions of
Helix III because it contains several functionally and struc-
turally important residues, such as Glu113, Glu122, and
Glu1347–11. The S-H stretching modes of these Cys residues
and native Cys residues were measured by FTIR spectros-
copy. While most of Cys residues demonstrated no shift of
S-H stretching mode, Cys residues introduced in the vicinity
of the chromophore (positions 117, 118, and 122) demon-
strated the significant changes. The current results are con-
sistent with the crystal structure of Batho, showing the
validity of cysteine-scanning.
Materials and Methods
Preparation of rhodopsin and its cysteine mutants
Wild-type and mutant bovine opsin genes were expressed
in HEK 293S cell lines as previously reported12. The pig-
ments were reconstituted by incubating the membrane frag-
ments containing expressed opsins for more than 3 h at 4°C
in the presence of 11-cis-retinal. The pigments extracted
with 1% (w/v) dodecyl-β-D-maltoside (DM) in buffer P
(50 mM HEPES, 140 mM NaCl, pH 6.5) were incubated
with rho 1D4 antibody-agarose gel at room temperature
overnight. After washing with buffer A (0.02% DM in
buffer P), the pigments were eluted with buffer A containing
the C-terminal octadecapeptide of rhodopsin.
Purified rhodopsins were supplemented with a 100-fold
molar excess of L-α-phosphatidylcholine (PC) (Sigma type
XI-E) and dialyzed against buffer P for 3–4 days at 4°C to
incorporate pigments into the PC liposomes. Liposomes
were then collected by centrifugation, re-suspended in 1 mM
phosphate buffer (pH 5.7) supplemented with 5 mM NaCl,
and placed on a BaF
2 window. The sample dried under
vacuum using an aspirator was sealed using another BaF
2
window and a spacer after ~1 μl of H2O was put beside the
sample.
Spectroscopy
The UV-visible absorption spectra of pigments were re-
corded with a Shimadzu MPS-2000 recording spectropho-
tometer before the preparation of liposomes. FTIR spectra
were recorded using a Bio-Rad FTS40K spectrometer. The
temperature of the sample was kept at 78.0±0.1 K using an
Oxford DN-1704 cryostat and an Oxford ITC-4 temperature
controller. Irradiation light was generated using a 1-kW
tungsten halogen lamp (Rikagaku Seiki). The Batho minus
rhodopsin difference spectra (Batho/Rho spectra) were ob-
tained by alternate irradiations with 501 nm light passed
through an interference filter (Nihonshinku) or >610 nm
light passed through a glass cutoff filter (R63, Toshiba). For
each measurement, 256 interferograms at 2 cm−1 resolution
were recorded.
Results
Effect of the introduction of cysteine residues on 
the chromophore vibrational bands in Batho/Rho Spectra
Design of the cysteine-scanning is shown in Figure 1.
Among 10 Cys residues in wild-type bovine rhodopsin,
Cys322 and Cys323 are palmitoylated, and Cys110 and
Cys187 form a disulfide bond. Thus 6 native Cys residues
have free S-H groups. We prepared single mutants for Cys
having the free S-H group (C140S, C167S, C185S, C222S,
C264S, and C316S), and double mutant for Cys forming
disulfide bond (C110A/187A) to examine the environmental
change around these Cys residues in Batho. In addition,
environments around Helix III were scanned by 15 cysteine-
introduced mutants at positions 117, 118, and 122–134.
All of these mutants were reconstituted into pigments
with 11-cis-retinal, indicating that the overall structure of
rhodopsin is little perturbed by replacement or substitution
of Cys. Figure 2 shows the Batho/Rho spectra of the wild-
type and mutants. Absorption maxima of mutants in the
dark states are also shown in Figure 2. Whereas the absorp-
tion maxima of most mutants were similar to that of wild-
type (499 nm), mutations near the chromophore caused rela-
tively large blue-shifts of the absorption maxima (A117C,
T118C, E122C and W126C).
Typical chromophore bands of Batho observed in the
Batho/Rho spectrum are present at 921, 874 and 851 cm−1
in the hydrogen out-of-plane (HOOP) region, 1166 and
1207 cm−1 in the C-C stretching region, and 1536 cm−1 in the
C=C stretching region13 (Fig. 2). Even in the mutants exhib-
iting the blue-shifted absorption maxima, the chromophore
vibrational bands in the Batho/Rho spectra were similar to
those of the wild-type, indicating that the structure of Batho
is not largely perturbed by these mutations. However, the
C=C stretching bands of A117C, T118C and W126C were
slightly up-shifted, reflecting the blue-shifted absorption
spectra. The HOOP band at 851 cm−1 and C-C stretching
band at 1207 cm−1 of the wild-type were shifted to 861 and
1203 cm−1, respectively, in T118C, suggesting that the amino
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acid residue at position 118 significantly interacts with the
chromophore in Batho. The C=O stretching bands of the
carboxylic acid of Glu122 at 1740, 1735, and 1727 cm−1 14
disappeared in W126C as well as E122C, probably because
the loss of the hydrogen bond between Trp126 and Glu122
perturbs the protonation state of Glu122.
Probing environmental changes by S-H stretching mode
Batho/Rho spectra in the S-H stretching region are shown
in Figure 3. A broad positive band was observed at 2610–
2540 cm−1, but it was partially beyond the typical S-H
stretching frequency (2525–2585 cm−1)1. Because Batho/Rho
spectra of wild-type rhodopsin expressed in the HEK cells
and native rhodopsin isolated from rod outer segments in
the S-H stretching region were identical (Fig. 3a), the arti-
facts arising from using recombinant rhodopsin do not have
to be taken into consideration for Batho.
The possible contribution of the S-H stretching vibration
to the Batho/Rho spectra was examined by using a series of
cysteine-replaced mutants (Figs. 3b–3h). Batho/Rho spectra
of wild-type (light cyan lines) are superimposed on those
of mutants (red lines), and the double difference spectra
between wild-type and mutant spectra are shown beneath
(blue lines). It is clear that there were no spectral differences
between wild-type and cysteine-replaced mutants, indicat-
ing that no S-H stretching bands of native Cys residues were
involved in the broad positive band of the Batho/Rho spectra.
Cys residues were then introduced into Helix III to probe
the environmental changes by observing the S-H stretching
vibrations in Batho/Rho spectra (Figs. 3i–3w). Although
introduction of Cys residues at most positions did not alter
the Batho/Rho spectra in the S-H stretching region (Figs.
3l–3w), introduction at positions 117, 118 and 122, which
are in the vicinity of the chromophore (<4 Å), generated
additional bands (Figs. 3i–3k). A117C exhibited an intense
negative band at 2548 cm−1 and positive band at 2536 cm−1.
E122C displayed a moderate negative band at 2575 and
positive band at 2570 cm−1. T118C exhibited only a positive
band at 2554 cm−1. The bilobic bands in the Batho/Rho
spectra of A117C and E122C show the down-shift of the S-
H stretching frequencies of Cys117 and Cys122, suggesting
that the hydrogen bonds involving S-H groups of Cys117
and Cys122 were strengthened upon formation of Batho. On
the other hand, the presence of only the positive band in
T118C can be explained by either protonation of the thiol
anion or a change of intensity without a frequency shift. The
former is unlikely because pK
a of S-H is ~9. Thus, the S-H
stretching band of Cys118 would be intensified. It should be
noted that no change in S-H stretching mode was observed
for W126C, although it shows the significantly blue-shifted
absorption spectrum.
Crystallographic analyses have shown the spatial rela-
tionship of Ala117, Thr118, Glu122, Trp126, and chromo-
phore in the dark-state and Batho (Fig. 4)6. Upon the forma-
Figure 1 Secondary structural model of bovine rhodopsin. The Cys residues, which have free S-H groups (red), were replaced by serine resi-
dues (C140S, C167S, C185S, C222S, C264S, and C316S). Cys110 and Cys187, which form a disulfide bond (blue), were replaced by alanine res-
idues (C110A/C187A). Alternatively, a Cys residue was introduced into Helix III (A117C, T118C, E122C, I123C, A124C, L125C, W126C,
S127C, L128C, V129C, V130C, L131C, A132C, I133C, and E134C) (green).
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tion of Batho, the distance between Ala117 and the Schiff
base linkage of the chromophore is decreased, that between
Thr118 and the polyene chain is increased, and that between
Glu122 and the β-ionone ring is decreased (see Discussion).
The S-H stretching vibrations of the introduced Cys resi-
dues were sensitively altered by these changes in the inter-
actions.
The Batho/Rho spectra of the other mutants showed no
significant differences from that of the wild-type in the S-H
stretching region, indicating that conformational changes
upon formation of Batho are limited in the vicinity of chro-
mophore binding site, as shown by the crystallography6.
Discussion
We successfully detected the local environmental change
using cysteine-scanning method, which utilizes the SH
stretching mode of Cys as a sensitive probe1–3. The concept
of cysteine-scanning is similar to that of recently devel-
oped method using a non-natural amino acid p-azido-L-
phenylalanine (azF)15. However, unlike azF, Cys is readily
introduced using a well-established point-mutation technique.
In addition, due to the smaller size of Cys than azF, intro-
duction of Cys would less perturb the protein conformation
than azF.
Broad absorbance increases are observed in the S-H
stretching region of Batho/Rho spectra of wild-type. Unex-
pectedly, the present study clearly showed that they are
Figure 2 Batho/Rho spectra of wild-type and mutants. Batho/Rho spectra were obtained by irradiation at 78 K. The absorption maxima of the
dark states (nm) are shown in the parentheses.
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attributable to neither the 6 native Cys residues having free
S-H groups nor the 2 Cys residues forming a disulfide bond.
While these bands have not been assigned, it is likely that
they are the overtone bands and/or the combination bands of
intense chromophore bands of Batho (e.g. the first overtone
band of 1207 cm−1 band or combination band of 1536 cm−1
band and 921 cm−1 band).
Among the cysteine-introduced mutants, significant changes
of S-H stretching vibration were observed only for A117C,
T118C, and E122C upon formation of Batho. The S-H
stretching frequency of Cys117 in A117C shifted from 2548
to 2536 cm−1. Raman spectroscopy of the S-H model com-
pounds showed that S-H stretching frequency depends on
the strength of the hydrogen bond1. The typical frequencies
are estimated to be 2585 cm−1 for no hydrogen bond, 2575–
2580 cm−1 for a weak hydrogen bond, 2560–2575 cm−1 for a
moderate hydrogen bond, and 2525–2560 cm−1 for a strong
hydrogen bond. Thus S-H group of Cys117 in the dark state
is likely to form a strong hydrogen bond, and it is further
strengthened in Batho. Similarly, the hydrogen bond involv-
ing Cys122 in E122C is likely to be strengthened in Batho,
as shown by the shift from 2575 cm−1 to 2570 cm−1 (Fig. 3k),
Figure 3 Batho/Rho spectra in the S-H stretching region. Batho/Rho spectra for native rhodopsin in ROS or recombinant rhodopsin mutants
(red lines) are superimposed on that of recombinant wild-type (light cyan lines). The double difference spectra are shown beneath (blue lines).
Scale bar represents 5×10−5. Left. Batho/Rho spectra for native rhodopsin in ROS (a) and the cysteine-replaced mutants (b–h). Double difference
spectra were calculated by subtracting mutant (or ROS) spectra from wild-type spectra. Middle and right. Batho/Rho spectra for cysteine-intro-
duced mutants (i–w). Double difference spectra were calculated by subtracting wild-type spectra from mutant spectra. Typical frequency of S-H
stretching mode is shown by the thick bar at the bottom of each panel.
Figure 4 Spatial relationship between Gly114, Ala117, Thr118,
Glu122, Typ126, and the chromophore in dark state rhodopsin
(orange) and Batho (magenta). The models for dark state and Batho
were drawn using 1U19 and 2G87, respectively.
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while the hydrogen bond of Cys122 is weaker than that of
Cys117. While the hydrogen-bond acceptors of SH groups
were not identified in this study, they are likely to be the
backbone carbonyl oxygen one helical turn away16,17 or the
π-electron system of the chromophore via an SH-π hydro-
gen bond18,19.
The crystal structures of the dark state (1U19) and Batho
(2G87)6 revealed the displacements of the retinal chromo-
phore and its neighboring amino acid residues upon the
formation of Batho (Fig. 4). In A-chains of 1U19 and 2G87,
the minimum atomic distance between Ala117 (Cβ) and
the chromophore (C12/C14) changes from 3.53 Å to 3.40 Å,
and that between Glu122 (Oε2) and the chromophore (C5)
changes from 3.89 Å to 3.49 Å. These findings derived from
X-ray crystallography are consistent with the vibrational
changes of S-H groups at positions 117 and 122, assuming
that they interact with the π-electron system of the chromo-
phore via SH-π hydrogen bonds and the strength of the
hydrogen bond reflects the donor/acceptor distance.
The S-H stretching band of T118C in Batho/Rho spec-
trum only appeared on the positive side, suggesting that the
intensity of this band was increased with little frequency
shift. Unlike SH stretching band of T118C, the OH stretch-
ing band of Thr118 in wild-type Batho/Rho spectrum was
bilobic. The OH group of Thr118 forms a hydrogen-bond
with backbone carbonyl oxygen of Gly114 both in dark-
state (1U19) and Batho (2G87). While the weakening of this
hydrogen-bond upon the formation of Batho is suggested by
the up-shift of the O-H stretching mode of Thr11820, the dis-
tance between O of Gly114 and Oγ of Thr118 changes from
2.77 Å to 2.74 Å (or 2.63 Å to 2.56 Å in B chain). There-
fore, the strength of this hydrogen bond does not depend
solely on the donor/acceptor distance. The minimum atomic
distance between Thr118 (Oγ) and the chromophore (C10)
changes from 3.53 Å to 3.62 Å upon the formation of Batho.
Thus alternation of the electrostatic field due to the dis-
placement of the chromophore π-electron system would
weaken this hydrogen bond. Assuming that SH group of
Cys118 is situated similarly to the OH group of Thr118,
electrostatic environment of SH should be altered by the
isomerization of the chromophore. Because infrared absor-
bance is affected by the local polarity21, it is likely that the
SH stretching band of Cys118 is intensified by the effect of
electrostatic field. However, the lack of the complementary
negative band suggests that the effect of electric field on the
strength of the hydrogen bond, which correlates with the
frequency of the SH stretching band, would be compensated
by the shortening of the donor/acceptor distance.
Conclusion
Cysteine S-H stretching mode is the sensitive probe to
detect the local environmental changes. We validated this
method using Batho, and demonstrated that the comprehen-
sive introduction of Cys (cysteine-scanning) enables the
mapping of the changes in the intramolecular interactions.
Cysteine-scanning is applicable for photoactive protein, for
which difference FTIR spectra is easily measured. Recently
rapid buffer exchange system using attenuated total reflec-
tion cell is developed for FTIR22. By combination of these
techniques, cysteine-scanning is applicable for a variety of
proteins.
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